Animal Genetics, University of Edinburgh).-The aims of medicine are the deliberate creation of an environment in which an animal population can best achieve its destiny, and the guided evolution of an animal stock whose qualities approximate to a predetermined standard of the ideal and which can take full advantage of the opportunities for development thus provided. Prominent amongst its schemes for livestock improvement, therefore, is the abolition of preventable defect and derangement. Such may be deformities imposed upon the individual or the group by environmental agencies which interfere with normal development; their prevention thus involves the removal from the environment of those agencies which deform. On the other hand, they may be, as is now well established, the direct expression of inborn hereditary factors which in their action predetermine that the individual, as development proceeds, shall, in the presence of certain or of most environmental conditions, exhibit such abnormality. Schemes for the eradication of such involve the removal from the hereditary constitution of the stock of those hereditary factors which determine the expression of such characters as are personally, socially or economically undesirable. If a defect or derangement is hereditary, then its appearance and its spread amongst the population can be prevented in one way, and in one way onDly-by non-propagation on the part of those individuals who carry in their hereditary constitution the genetical factors corresponding to it.
Controlled experiments employing the ordinary laboratory animal material, chosen because of its obvious convenience, yield data which in their analysis permit us to recognize the action of genetic factors underlying and determining the characters that are being studied. But genetic experimentation demands controlled mating as well as a controlled environment, if the action of environmental agencies which fashion the individual is to be distinguished from that of inborn developmental impulses. In the case of the larger domesticated animals and man, controlled mating is not always possible; the number of offspring produced by a mated pair is small, the rate of reproduction is slow, the number of chromosomes characteristic of the species is large, and the environments in which different individuals and groups have their being vary very largely. Therefore, the techniques that are employed in the case of laboratory animals cannot be used in the study of the phenomena of organic inheritance in animals of economic importance, and in man. Special techniques are required and are now in the process of being evolved. In certain types of hereditary transmission a reasonably accurate deduction can be made on the basis of a single pedigree, but usually it is most desirable to analyse pooled data, using modern statistical methods. So far, this task has been accomplished for a very few conditions, and until it has been extended to cover many more, to give a list of inherited defects, together with an anecdotal account of all the necessary qualifications and reservations, would be both unhelpful and misleading.
For the reasons already stated, the recognition of the exacL. mode of inheritance of the members of a pair of alternative characters, determined by a single factor difference, is by no means simple in the case of man and his larger domesticated animals. But it so happens that medical men and veterinarians all over the world, being interested in the same phenomena, encounter and place on record rare and interesting defects which appear to be inherited. Though environments are different, though the different stocks are not related, the defect is the same, and so the pooled data of many observers become available for analysis and interpretation.
FEB.-COmP. MED. 1 Of all the types of transmission, that of the simple dominant autosomal character is the simplest to recognize. Every affected individual has an affected parent and an affected grandparent. The heterozygote exhibits the character as well as the homozygote. The homozygote can only arise through the mating of two affected individuals. All the offspring of normals, who themselves had an affected parent, are normal. More often than not, affected individuals mated to normals will produce offspring which are affected and normal in a proportion of 1 :1. The sex-ratio amongst affected parents and their affected and normal offspring, distinguishing between the progeny of affected males and affected females, is uniformly unexceptional. Direct transmission is the leading characteristic, and thus the recognition of simple autosomal dominant inheritance is easy. The pedigree will indicate clearly that dominant inheritance is involved.
A dominant autosomal character cannot be incompatible with viability and with the ability to reproduce, for if it were, the condition would be automatically eliminated as soon as the mutation occurred. But it must be remembered that this will not be the case if the age at which the character is expressed is late, so that the affected individuals can already have reproduced before the condition manifests itself.
A multitude of pathological conditions affecting every bodily system and inherited in this way are on record. The following will serve as examples:
In man: Brachydactyly: multiple exostoses; progressive muscular atrophy; progressive pseudohypertrophic polyneuritis; angioneurotic cedema; multiple polyposis of the colon and rectum; sickle-cell anaemia; diabetes insipidus.
In the fowl: The short-legged character of the Scots Dumpie (lethal in the homozygous condition), (Landauer and Dunn [11). Flightless, causing the development of a defective quill so that the flight feathers break off (Warren [2]).
In the mouse: Hairlessness, due to hypokeratosis (David [31). Another type of transmission is that of simple recessive autosomal inheritance, in which case the factor corresponding to the condition must be present in the duplex state in the individual exhibiting it. Normality is dominant to defectiveness, and the affected individual must have received a factor for the condition from each of its parents. Three types of mating can yield affected offspring: 
%
Since practically all simply inherited conditions are rare, it follows that the great majority of affected individuals result from the mating of two parents who are outwardly normal, but who are, in fact, heterozygotes or carriers. The factor for the defect may be handed on through many generations of normals, until a chance mating takes place between two individuals both of whom are beterozygotes. The recognition of a recessive defect or derangement is to be made from a study of the incidence of the condition amongst the progeny of normals who have one or more affected offspring. Very considerable help is provided by the pedigrees which include consanguinous matings. The first-cousin of a heterozygote has a one-ineight chance of also being heterozygous for the same character, whereas, if the trait is rare, the chance that an unrelated person will also be a heterozygote is much less than this. In contrast to the dominant autosomal factors, recessives may yield results which are incompatible with life and reproduction. These defects are perpetuated by heterozygotes, and not uncommonly the individual, homozygous for the defect, dies in utero.
It is far more difficult to recognize the action of a simple recessive factor from the study of a single family history than it is to identify the simple autosomal dominant. For the recognition of a recessive, a knowledge of the literature is commonly essential. Consanguinity of the parents, the incidence of affected collateral relatives, both strongly suggest simple recessive autosomal inheritance, but, before any final conclusion can be reached, pooled data [81) .
An autosomal recessive, hypoglyceamia, in the mouse is of unusual interest, in that it forms one member of a series of triple allelomorphs. Cammidge and Howard [9] found that low blood-sugar was recessive to high blood-sugar, and that low blood-sugar individuals would not breed until they were fed with glucose, when they produced only low blood-sugars. Dunn [10] suggests that Cammidge and Howard's data indicate that the three blood-sugar levels, high, low and normal, are three allelomorphic conditions of the same gene. Normal, high and low, form a series of triple allelomorphs with dominance in the order given.
A further type of transmission is sex-linked inheritance. A character is said to be sex-linked when the hereditary factor corresponding to it is borne by the X-chromosome of which, in man and the domesticated animals, the male possesses one, the female two. (In birds, on the other hand, the male possesses two, the female one.) An X-borne factor may be dominant or recessive. Dominant sexlinked inheritance has not yet been observed. Its characteristics would be that amongst mammals an affected female would transmit, just as in ordinary dominant inheritance, to half her sons and half her daughters. An affected male would transmit to half his daughters but to none of his sons, and the incidence of the defect, if it were rare, would be twice as great in females as in males.
Recessive sex-linked inheritance is very easily recognized, and many instances are on record. The male, possessing only one X-chromosome, will manifest the trait, for the reason that there can be no balancing normality. In the female, both X-chromosomes must bear the factor if the trait is to be manifest. If it is present upon only one, she will be a heterozygote or a carrier. If the female is to be affected, therefore, she must receive the factor from each of her parents. A carrier female will transmit the defect to half her sons, and in them it will be manifest. Her daughters will all appear normal, but half will be carriers. Carrier female by normal male will be a common type of mating, and this will produce some affected offspring, and all of these will be males. For an affected female to appear, either both parents must be affected (when all the offspring will be affected) or else a carrier female must mate with an affected male (when half the daughters and half the sons will be affected). Recessive sex-linked inheritance can be inferred quite commonly from the study of a single pedigree. The following are examples:
In man: Red-green colour-blindness (majority of cases) ; hoemophilia; Leber's optic atrophy (European cases); stationary night-blindness (majority of cases); epidermolysis bullosa (one case).
In domesticated mammals no sex-linkage has yet been reported, even in such groups as the rodents, in which genetical analysis is fairly extensive. There are several sex-linked characters, other than pathological, known in the fowl and the fish, but these do not fall within the scope of the present discussion.
These are the simpler forms of hereditary transmission, but, unfortunately, such simplicity is not always encountered. Quite commonly the exhibition of a character depends effectively upon the simultaneous action of several hereditary factors. Hogben [41 has recently devised a method for the recognition of the synchronous action of two dominant autosomal factors, and also for two recessives, and of more than two factors. From his paper it becomes clear that a study of familial incidence alone cannot distinguish between the simple recessive and two complementary dominants. For such distinction reference must be made to pooled data and to the literature. In the case of complementary dominants there will be no excess of consanguineous matings amongst the normal parents of affected individuals. Further, the most common genetic constitution of the affected individuals will be that possessed by the doubly heterozygous individual, and these, on the average, will produce 25% of affected offspring. A high proportion of direct transmission will thus occur.
Another complication which is very evident from the study of human pedigrees is that one and the same character can be the end-result of the action of any one of several genetic factors which may differ one from the other in their mode of transmission, or, on the other hand, may exhibit the same type of transmission. That this is the case should not be surprising, for a defect or derangement is, after all, the end-result of a long and complicated series of events in development. It is reasonable to assume therefore, that several genes, each affecting some different item in this series, can lead to the expression of the same end-result.
The discussion so far has assumed that the expression of a character is in no way affected by the action of other genetic or environmental agencies. If the factor was present in the hereditary constitution of the individual, the character corresponding to it was expressed in the heterozygote if dominant, only in the homozygote if recessive, and in the male if sex-linked. But quite commonly the action of a gene is conditioned by the action of another. Under these circumstances, although a gene for the condition is present, the character is not invariably expressed. Similarly, there are characters the expression of which is only possible in the presence of certain environmental factors, and these being absent, the character is not exhibited. In the case of a dominant factor, which is rare and which can only produce its corresponding character with the aid of another dominant factor which is common, manifestly it is the first factor which is effectively important in determining the appearance of the condition. If the action of the factor is conditioned by environmental agencies the result is the same. In the case of a dominant factor, the proportion of affected offspring of affected parents is lowered, and a proportion of normal persons yield affected offspring. If the genetic factor is rare and the environmental agent common, it is the genetic factor which is effectively important in determining the appearance of the trait, but if the factor is common and the environmental agent is rare, it is the latter that becomes of chief importance.
Differences in the degree of the expression of a character are the result of the action of agencies, some genetic and some environmental. It is not uncommon to find that apparently identical conditions may show, in different strains, different modes of inheritance. For example, a condition may be inherited as a dominant, a recessive, or a sex-linked character, and it is clear in such cases that different factors have produced the same result. Furthermore, similar conditions may be the result of the action of one of several factors that have the same mode of hereditary transmission. It is of importance to recognize this in the case of a recessive and deleterious character, for the conclusion emerges that the mating of two normal individuals with a family history of the same defect may not be fraught with the risk that would be anticipated at first sight.
In the case of a-very considerable number of defects it is established that the same end-result may be due either to the operation of genetic factors, or, on the other hand, to the operation of environmental causes, and it is commonly very difficult to determine which of the two is responsible. The age of onset may be a useful guide in certain cases. Sometimes a late onset can be accepted as a sign that the condition is nom-hereditary.
Not uncommomly a defect or derangement is determined, not by one or by two factors, but by a greater number acting simultaneously, and the analysis of such cases presents problems of great complexity. The crucial test of inheritance (that is, the fitting of a Mendellian ratio) cannot be carried out in these instances, and it becomes necessary to conduct special investigations in order to determine whether an observed high rate of transmission and high familial incidence are due to heredity 381 or to other causes. The main method of attack is to group the material in different ways that might be expected to affect environmental agencies, but which would have no genetic significance. The action of hereditary factors will be indicated by the undue familial incidence, or an undue amount of direct transmission, or by both. If large samples are taken, it may be possible to evaluate the greater likelihood of an individual being affected if, say, the father is affected, the mother affected, both affected, or the brothers and sisters are affected, always as compared with an unselected group of individuals with no family history of the condition. An affected individual, being the only one in a large pedigree to show the defect or derangement, may either be the exhibitor of a recessive character, or else the case may be purely sporadic. The attempt to distinguish whether the condition is, in such an instance, inherited or not depends essentially upon an analysis of the literature. If the pooled cases fit the expected ratio of simple recessivity, it is probable that this type of inheritance is responsible. If, on the other hand, an analysis of the literature shows a, proportion of sporadic cases in excess of those to be expected on the basis of simple recessivity, it is possible that an isolated case is truly sporadic and is not due to inheritance.
With the rise of bacteriology, heredity as a factor in the ntiology of common diseases, underwent an eclipse, but now a reaction to old conceptions is taking place, for, while the micro-organism is still given pride of place as a causal agent, it is being more clearly recognized that individuals differ in their reaction to their attack, though the environmental conditions in which they have their being are precisely similar. It is clear that a species confronted with the menace of a micro-organism must develop a resistance or else must perish. It is probable that such a resistance is developed along one or both of two distinct lines. A species may develop a resistance of such a kind that the micro-organism is prevented from establishing a foothold. Or the invading organism may gain an entrance, but thereafter the infection becomes progressively more mild. It is not to be expected that all the members of the species will become resistant, and it is highly likely that the difference between individuals in this respect will be determined largely by heredity. A population is a compound of a great variety of genetic types, and in the absence of enforced inbreeding, genetic variety is widespread, and in respect of hereditary factors relating to the characters of resistance and susceptibility, individual will differ from individual. It is probable that in any given instance both types of resistance-resistance to invasion and resistance to the course of infection thereafter-are involved, but involved to a very different extent.
The role of heredity in determining resistance of the first type is well illustrated by the results of a number of studies which have been made upon the subject. Schott [11] took mice from seven distinct laboratory strains and determined the number of organisms (Salmonella aertrycke) that would kill a high percentage of the animals of the different lots. The standard dose was fifty thousand living organisms injected intraperitoneally. The number of animals in each strain with the respective mortality percentages were as follows: 
96.4
Starting with the strain which gave an initial niortaJity of 82 3 per cent., the survivors were used for breeding and inoculation. This procedure was continued for six generations. The mortality in successive generations was 64 3, 45 8, 39*8, 36 -3, 32 -6 and 24 * 7 per cent. Selected resistant mice, being crossed to the 100% susceptible strain of English silvers, gave an F1 with a mortality of 37. 4%. The genetic control of the experiment was most thorough, and passive immunity could be entirely eliminated. There is no doubt that, by selective breeding from the survivors, a high degree of resistance was concentrated in the stock, and the resistance must have largely depended upon a complex of factors that were partially dominant.
Another experiment of the same order is that of Lambert [12] , who set himself the task of developing a strain of chickens with a high natural resistance to fowl typhoid (Salmonella gallinarum). Seventeen-day old chicks were injected intraperitoneally with a standard dose (12 X 106) of virulent fowl-typhoid bacteria contained in 0'5 c.c. saline solution, and then selection of breeding stock was made from subsequent surviving chicks from those families giving the highest progeny resistance. The percentage dead in five generations amongst the selected stock fell from 39 * 8 to 9 * 4, whilst in the control stock the percentage, which began with 89 -6, was, in the fifth generation, 85. Reciprocal crosses between resistant selected and unselected stocks indicate that the male, as well as the female, transmits resistance to the progeny. Observations on some fifteen hundred unselected chicks from four breeds, and from two strains of one breed, indicate that significant inherent differences in resistance to Salmonella gallinarum etist in unselected stocks. The differences refer to the strain rather than to the breed. Lambert concludes that multiple factors are involved in the determination of inborn resistance to this disease, and that, as yet, it is impossible to estitnate the actual number of factors involved. Preliminary studies involving different matings between resistant and susceptible stocks undoubtedly indicate the importance of genetic factors, but furnish little evidence relative to their exact nature.
Experiments have indicated that resistance to hog cholera is also genetic, and it has been possible to produce, by selection of the survivors, strains that are almost completely immune to the disease (Lambert, Murray and Shearer [13]).
A striking demonstration of the reality of genetic factors underlying resistance was recently encountered in our own laboratories in Edinburgh. Dr. Gilroy, for her study of the dynamics of tumour growth, has been maintaining two distinct cancerous strains, the Little dilute brown and the Marsh albino. Suddenly there swept through this particular mousery a most violent epizootic disease. It was quickly observed that only the albinos succumbed, even though mice of the two stocks were inhabiting the same cage. Every albino exposed to infection died, whilst the dilute browns, at this time, were left unaffected. The task of identifying the causal organism was taken over by Professor T. J. Mackie, of the Department of Bacteriology, whilst Dr. Gilroy concerned herself with a demonstration of the genetic nature of resistance and susceptibility. She was supplied with pure cultures of the organism and, giving standardized doses to the albinos, dilute browns, Fl's, F2's, and back-crosses, has already shown that the Fl is just as susceptible as is the albino parent, and that in the F2 and back-crosses significant segregation is to be expected.
It is interesting to note that the Little dilute brown which, in the hands of Schott, gave a 96'4% when Salmonella aertryke was used, has proved itself to be practically 100% resistant, in relation to the dosage used, to the organism responsible for this particular epidemic. We understand that Professor Mackie is of the opinion that the organism is one not previously described and has no relation to the Salmonella group.
There can be little doubt that, in the case of virulent infective conditions in man, the same genetic resistance to infection is to be found. Pearl [14] , for example, describes a family of thirteen children, all of whom had suffered from lobar pneumonia before the age of 18, whilst one had had it twice, and one three times, and seven of the thirteen had died of it. Careful scrutiny of the environmental conditions provided no explanation of this phenomenon.
Such examples could be multiplied endlessly, but in all probability it is the study of resistance and not of susceptibility that would prove most profitable, and this has hardly been attempted. With developments in bacteriological and serological techniques, it is to be expected that big advances will be made in this field and that, in the future, artificial immunity will be given, when necessary, and in anticipation, to those who, because of their genetic constitution, are naturally non-resistant and therefore require special protection.
The best example of resistance of the second type is furnished by tuberculosis. In the great majority of individuals the bacillus is of relatively low virulence, and therefore it follows that infectivity is almost at a maximum. Both in man and cattle, tuberculosis must be one of the most infective conditions known, and absolute immunity is practically non-existent. The species, therefore, has to depend upon the second type of defence. In all probability, resistance of this second type is more vague than is resistance of the first, and it is much more likely to be affected by such factors as general vigour, level of nutrition, concurrent infetions and exposure to unfavourable climatic conditions. The role of heredity, therefore, will appear to be much less clear-cut.
One of the most valuable studies of the genetic factors involved in pulmonary tuberculosis is that of Pearson 1151. His sample was a random one of nearly four hundred tuberculous patients who were receiving treatment in a sanatorium. Records were obtained of their parents brothers and sisters. The cases can be divided into two classes; first, those in which a parent was affected, and second, those in which both parents were free. It is clear that although the patients may have been a 'random sample of tuberculous persons, they were not a random sample of the general population, for families in which no tuberculous children appeared were not considered. By the use of Haldane's [51 formula it is possible to calculate in each case the most likely value for the family incidence, if the missing families of normals could be -added to the record. Actually, the familial incidence where both parents were normal, is found to be 8-8 ± 082% and where one parent was affected 21'4 ± 2-3%. It can be taken that the families were practically all complete, but undoubtedly some individuals, normal at the time, would subsequently have become tuberculous. Both figures are, therefore, too low, but, be this as it may, their proportionality would not be affected. The familial incidence is two-and-a-half times as great when a parent is affected. The figures of Govaerts [161 support this conclusion. It was found-with large numbers-that the incidence amongst the children was higher when both parents were affected, next highest when only one was affected, lower when collaterals other than parents were affected, and lowest of all when the familv 'history disclosed no instance.of pulmonary tuberculosis.
These results cannot be explained by an appeal to direct infection. In the first place Pope [171 has shown that, apart from a slight degree of assortative mating in the higher social classes only, there is no husband-wife correlation in pulmonary tuberculosis. Direct infection, therefore, can only be invoked on the hypothesis that infection occurring early in life is the determining factor. But this explanation also falls to the ground. It cannot account for the fact that the incidence is notably higher when both parents are affected than when only one is affected. This fact -cannot be accommodated on any theory of direct infection; whereas, if it is conceded that genetic differences are important in determining whether or not pulmonary tuberculosis will or will not develop, then it is as would be expected. Furthermore, it has been shown that the proportion of affected offspring is no higher if it is the mother and not the father who is the affected parent.
Of course, heredity is not the sole determining factor; under many circumstances, maybe, it is not the most important factor in the etiology of pulmonary tulberculosis.
But it is very difficult to avoid the conclusion that genetic factors play a very considerable part in determining the resistance of the body to the spread of the bacillus.
The modern genetical view of disease resistance is not merely a return to older conceptions of diathesis. In so far as high resistance to the attack of microorganisms is associated with bodily vigour and physical fitness, it is resistance of the second type that is involved. Resistance of the first type-that is, resistance to invasion-is much more sharp and clear-cut. The mice that are immune to mouse typhoid are no larger and no more vigorous than those that succumb. The human who is resistant to cholera and bubonic plague is not to be distinguished from his susceptible fellows by any outward sign. The new conception, therefore, is more definite and more comprehensive than the older conception of diathesis.
Much more evidence is required before confident statements as to the r6le of heredity in malignant disease can be made. The literature is full of very suggestive pedigrees, but isolated pedigrees are not enough. We need a family study of large numbers of cases selected at random, for then it would be disclosed how far parentoffspring transmission and familial incidence characterized the condition. It would be possible to devise investigations that would determine whether or not observed high instances were due to hereditary or to other agencies. More recent work is not confirming the conclusions of Wells and Slye [181; it is no longer possible to regard the cancerous diathesis as being determined by a single simple recessive factor. However, multiple polyposis of the colon and rectum would seem to be determined by a simple dominant factor, and the great majority of persons exhibiting this condition die from cancer of the colon or rectum if they attain a sufficient age. Similarly, in von Recklinghausen's disease, it is not unusual for one of the neurofibromatous areas to become malignant. It would be easy to multiply such examples, but, as yet, it is not worth while. Further investigation, it may be expected, will show that heredity as an effective agent is of great importance in some conditions, of lesser importance in others, of little in yet others, and of none in some. But, given adequate investigation, average figures could be obtained, and on these could be based an estimate of the chances of an individual as compared with those of the average person.
Both with reference to preventive medicine as it affects the individual, and with reference to State medicine as it affects the race and the livestock of the country, it may be anticipated that genetic studies will play an increasingly useful part, and that their importance will be made clear as the environmental agencies, which so greatly affect the causation of disease, are progressively abolished.
REFERENCES. Mr. Wm. C. Miller (Institute of Animal Genetics, Edinburgh University.)-It might be possible to approach this subject by giving a list of those pathological conditions in which, by a survey of literature and by recorded clinical observation, the evidence would suggest that resistances and susceptibilities to diseases or disease-processes were inherited. For many reasons, however, I do not propose to do this. Some years ago at a Congress the evidence for animals was summarized (Crew [1] and [2]), while since that date few papers have been published. In many instances in which resistance to animal disease appears to have a genetic basis, critical exppriments are wanting, and rash conclusioiis merely confuse the picture.
It appears to be more profitable to accept the fundamental fact that in certain diseases the response of the animal is conditioned by its genetic constitution, and to discuss means whereby an approach may be made to the detailed study of the resistances or susceptibilities of individuals within a population, or of collections of individuals. With few exceptions-mentioned later-the recorded occurrence of resistance has been based upon outbreaks of disease occurring naturally, in which certain animals individually or collectively were exposed to the same degree of infection but did not contract the disease. Observations such as this, while valuable, are suggestive only; proofs must be sought from controlled experimentation.
It may perhaps be most appropriate to discuss shortly and in outline the theoretical basis on which such proofs should be founded.
A classification of disease resistance.--It has been pointed out by Crew and Roberts [3] that it is necessary to discuss inherited resistances against disease from two aspects: (1) It must be accepted that where a diseased condition exhibits high infectivity but runs a chronic course, such as tuberculosis, the identification of resistant individuals in a population is difficult. (2) Where a fatal or non-fatal disease runs a rapid course, the identification of the resistant individuals is more easy. This can be considerably elaborated by referring to outbreaks of disease among animal populations.
For convenience, we may assume three main categories of disease, each of which must differ from the others in its genetic basis:
(a) The chronic non-specific condition associated with profound tissue changes; e.g., osteo-arthritis in equines.
(b) The chronic specific infection terminating fatally in 8, majority of cases if allowed to, do so-such as tuberculosis.
(c) The acute specific infection with death or resolution rapidly following: anthrax or foot and mouth disease.
(a) Chronic non-specific conditions are, for the most part, indiscriminate in attack. Selecting purely for illustration the group of osteo-arthritic conditions in equines, careful examination of available evidence by Mitchell [4] has shown that environmental influences (particularly deficient nutrition) operating for long periods of time, slowly bring about profound changes in articular cartilages, synovial capsules, and finally periosteum and bones. Recognizable pathognomonic symptoms are, in general, not displayed at once. Clinical signs may not become evident until long after the operation of the causal agents.
Conditions such as this offer least opportunity for the demonstration of modes of inheritance or even of the existence of a hereditary basis for them, since environmental agencies mask any genetic basis.
(b) To demonstrate a genetic basis for chronic specific infections requires a recognition of two facts. Where susceptibility to infection is high amongst a population of animals the general level of resistance to the causal organism is low, and therefore inherited resistance to infection exists at most only in a very small percentage of the population. Those instances, often anecdotal, of individual cows which themselves remained free from tuberculosis and gave birth to offspring similarly resistant, would seem to belong to this uncommon group. Secon'dly, where the course of such specific disease is chronic and where the pathological changes produced are profound, the natural resistance of the tissues to the organism is high.
Consequently it seems reasonable to regard diseases in this category, such as tuberculosis, as instances of low inherited resistance to infection, but high inherited resistance to the progress of the disease after infection.
(c) Acute specific infections offer most opportunity for discussion and investigation of inherited resistances. In this category, which includes the great enzo6tic and epizo6tic animal scourges, we must assume that when resistance is exhibited it is exhibited in the greatest degree. It is common knowledge that when an outbreak of foot-and-mouth disease, swine-fever, anthrax, or other acute specific condition occurs in a herd, there are individuals which, equally exposed to infection, remain healthy. There are others among the first to show symptoms, which exhibit no degree of resistance and succumb or recover slowly. Between these extremes there is every intermediate degree.
In such instances we may assume a high degree of resistance to infection for those individuals which remain immune, with a low degree of resistance to infection for those which 1'ecome first affected, and the chances are that the more rare the condition, the greater is the actual percentage of these genetically resistant individuals among the general population exposed to infection. However, in general, resistance to the course of the disease is low, and if inherited it would appear to be transmitted to only a negligible degree.
The identification of the resistant.-Thus far, the discussion has been along purely general lines. The question might legitimately be asked: "If these assumptions are correct, why has it not been possible to define the mode of inheritance of resistance for a specific condition with some degree of accuracy ? "
To answer this question, reference must first be made to the difficulty of evaluating the genetic potentialities of a given animal, or herd of animals, in so far as these relate to diseased conditions. Where some external anatomical feature is inherited it can be recognized when exhibited; where a capacity for production is transmitted, the yields can be weighed or measured; genetic constitution can accordingly be determined for form and produce. The inheritance of a resistance or a susceptibility to disease bafore it can be recognized requires the application of a technique which will differentiate between the constitution of the one class and of the other. A method of combing out the resistant animals from amongst the general population is, in other words, the first essential.
With modern developments in bacteriology, immunology and biochemistry, one may assume that, for the more serious diseases, such methods may soon be evolved.
A commencement has already been made in laboratory animals in which a standard dosage of 5 X 10' organisms of Salmonella aertrycke was used by Schott [5] and [6]. This amount was such that after adminstration to strains of mice it enabled them to be separated into two groups-the resistant and the non-resistant.
Large domesticated animals do not lend themselves to experimentation with the same facility as laboratory animals, but when the preliminary difficulties have been overcome I suggest that an entirely new avenue of approach will be opened up, and control of disease will be put upon a far more sound basis.
I would like to suggest in this connection something of the scheme which might be adopted.
Firstly, it must be recognized that with specific disease resistance not only must the genetic variation among the host animals be studied, but full information must be first secured of the genetic variation of the causal agent, protozoon, bacterium, or virus, which is responsible for the disease.
The virulence of different strains of organisms varies. By methods which are already well known, the virulence of certain organisms can be altered almost at will. Disregarding the possibility of mutations having occurred-a view held by somethe bacteriologist appears to have already solved, almost unwittingly, one of the fundamental problems of genetics which has puzzled numerous workers in the past. He is able to transmit acquired characters from generation to generation of bacteria at will. The virulence of certain causal agents can be enhanced or decreased, and the degree of enhancement or attenuation can be confidently used in deliberate experimentation subsequently.
In artificial infection experiments it is well known that different animals differ in the degree of reaction they exhibit to a standard dosage. Endeavours to standardize these reactions have been made by the use of type cultures and inbred laboratory animals, without, at present, complete success. The first steps in the investigation of the hereditary factors concerned in specific disease have already been taken by workers who injected or fed known numbers of organisms to susceptible animals and evaluated the degree of reaction subsequently. Thus, Frateur [7], investigating the resistance of fowls to avian diphtheria, proposed a single factor which determined resistance, its absence resulting in non-resistance; Lambert and Knox [8] suggested that multiple genetic factors determined resistance in chicks to fowl typhoid; Roberts and Card [9] showed that it was possible to identify among a strain of chicks individuals which were resistant to infection with bacillary white diarrhcea. Irwin, [10] and [Ll], has investigated the inherited resistance of strains of rats to the Danysz bacillus, while numerous workers have investigated the inherited resistance of mice to ;infection with different specific organisms. Among these latter, the recently published work of Schott [6] (1932), deserves special reference since this work, taken along with that of Webster, [12] and [13] (1924, 1925) , presents very precise evidence for the existence of inherited degrees of resistance to specific diseases in mice. These workers were able, by selective breeding, to increase or diminish resistance among their stocks at will.
Schott used Salmonella aertrycke as the infective selective agent. He used strains of mice of different origins and obtained strains of the Salmonella from different sources. Injection was intraperitoneally with a standard dosage of 5 10' organisms. By selection among the survivors of one strain of mice the percentage mortality was reduced from 82-3% in the original strain to 24 7% in the sixth generation. By mating a normally highly resistant strain to one with a 100% mortality, the F1 animals showed a mortality of 78-3%, and selected resistant mice mated to the strain with highest mortality gave progeny with only 37 4% mortality.
He showed that by using a standard selective dosage it was possiblemarkedly to concentrate the resistant factors which were partially dominant. The possible influence of passive immunity was recognized and shown to be negligible, as also were influences of age, weight and sex.
This work cited is valuable and important in its implications even more than in its immediate applications. Quite obviously it would take many years to repeat it pari passu for a disease of one of the larger animals, but an application of its principles to a closed population of cattle, such as is found in a self-supporting herd, or to individual animals, such as bulls for stock purposes, promises more immediate and practical results.
A suggestion for a standard technique.-It is not my purpose to trespass in the provinces of the bacteriologist,but it would seem that the time has now arrived when serious consideration should be given to methods which might be adopted for determining the variation in individual response to the exhibition of a controlled and standardized dosage of specific organisms. One can visualizs a modus operandi on some such lines as the following. The selection of the disease would firstly be one which is not readily amenable to control by ordinary means; possibly contagious abortion of cattle might serve for illustration, or Johne's disease might serve equally well.
An investigation would be required to determine the standard dosage required to separate animals with a high resistance from those with a lower resistance.
With a fixed strain of Brucella abortus available this should not prove impossible. The animals to be tested would firstly require to be tested by appropriate measures to ensure their freedom from the disease in question. (In this connection we already have such substances as tuberculin, mallein, j6hnin, available; while complement fixation, agglutination and similar biological reactions of the blood-serum would be utilized.) Those animals yielding a negative reaction to the primary selective test would then be available for the secondary selective test. The details of this would naturally vary with different diseased conditions, but on general lines the test would require to be so constituted that it would yield a sensitive reaction, servingto discriminate between those animals which possess only a low degree of resistance and those which possess higher degrees. Finally, a tertiary selective test would be required to determine which individuals possessed the highest degree of natural resistance. This latter could be of the nature of a "sub-shock" dose of the organism standardized either on a basis of numbers or of virulence. It would be of most use firstly in selecting males for breeding, and secondly in segregating offspring into their respective groups.
Concerning the preliminary investigation necessary to determine the strength of the given selective agent, obviously a very large amount of work would be required. Small doses of killed cultures might be necessary before work with living organisms could be undertaken. The type of reaction evoked would have to be such that it could be read with ease in the field or could be determined by a subsequent examination of a sample of blood in the laboratory. Temperature, pulse-rate, respirationrate, or a combination of these, or local reaction of the skin or of specific tissues might be used (cf. the intradermal tuberculin and mallein reactions, etc.) or a biological or biochemical analysis of blood-serums, taken a given number of hours after administration, might be employed (cf. the formal-gel test for surra in camels, and the Bennett and Kenny mercuric-chloride test for equine serum).
Virus and protozoal conditions.-Diseases due to these, among animals in tropical countries, are of even greater importance than those due to specific bacteria. They present a difficulty. There is already recognized a certain plurality of strain for the virus of foot-and-mouth disease, and animals which are naturally or otherwise immune to one variety are not necessarily so for other strains. The same observation applies to many of the trypanosome infestations of cattle, camels, horses, etc. There is evidence which suggests that the trypanosome itself has evolved genetic types which differ in their clinical manifestations and that the evolution of new types has by no means ceased. Research workers in the tropical colonies of Africa have encountered the difficulty of identifying those species of trypanosomes which act as the causal agents of non-tsetse-borne nagana in cattle and pigs. T. vivax and T. congolense possess similar serological reactions. According to Hornby [14] and others, rats and guinea-pigs are immune to infection with some strains of T. congolense, while with others they can be readily infected.
In certain defined fly-belts there are small flocks and herds of domestic animals which have survived the operation of natural selection where others were killed out. When these are moved to other areas their resistance frequently breaks down. The statement made by Roubaud that "it is on the study and careful selection of these small resistant races that the future of the cattle-raising industry depends " cannot be accepted, since success could only depend upon cattle in all fly-belts being resistant under all conditions, to all strains of all species of trypanosomes.
The complexity of the position regarding trypanosomes will serve to illustrate the difficulties of seeking a genetic basis for resistance against infection by other protozoan blood parasites.
It may be taken that the genetic variation amougst the blood protozoa themselves is sufficiently wide to be capable of responding at a faster rate than resistances in susceptible animals can be built up against them. Consequently, we cannot reasonably expect to progress far in selecting stock resistant to infection by the evervarying protozoan parasite. Nor do we need to do so. Since the turn of the present century, knowledge of these diseases and of their control has progressed rapidly and already methods for the control and for eradication of some are well established.
The application of the more precise knowledge recently gained concerning premunition and premunition breakdowns, the control of fly-belts by cultivation, and the chemotherapeutic treatment of the sick offer more hope of success than the segregation of immune or resistant individuals and subsequent breeding from them.
The nature of the mode of inheritance to be expected.-Available evidence gained from work wit,h the smaller animals tends to show that in mice and poultry especially, the mode of inheritance of resistance to specific disease is of the nature of an incomplete dominance. In actuality this was to have been expected. Had there been no dominance in the inheritance of resistance, it is justifiable to assume that 23 Section of Comparative Medicine 389 animal populations, in many parts of the world, would have been wiped out by the progress of successive diseases, or perhaps that they could not have produced more than a heterozygotic F1 generation in the presence of a specific causal agent. This being so, the hopes of ultimate success in the selection of resistant stock and the concentration within that stock of a high degree of genetic resistance are greater than if the contrary held true. Speculation of the future of breeding under some such system as has been outlined will enable one to visualize the operation of a mechanism whereby, by a primary selective test, the actually infected animals are eliminated from further breeding; a secondary selective test identifies animals which have no resistance and allows them to be used for ordinary commercial breeding, while a tertiary selective test enables the more nearly homozygous resistant stock to be distinguisbed from the markedly heterozygous stock; the former to be available for the best quality pedigree breeding, and the latter to be used in ordinary pedigree breeding.
To make this a practical proposition, the geneticist and the animal owner await elaboration by the bacteriologist, the immunologist, or the biochemist, of a series of tests by which genetic constitution can be assessed in relation to this or that disease chosen on the basis of its economic importance and of the present unsatisfactory means of control.
Professor Ruggles Gates said that Professor Crew and his colleagues had not left much to be said from a genetical point of view. There was, however, one point in which he thought Professor Crew had rather understated the strength of the case for determining whether in any particular human pedigree the inheritance was dominant, recessive, or sex-linked. Before the Mendelian era it was customary to lump together all pedigrees showing a particular defect, regardless of the fact that, as we know now, the same defect might be consistently dominant in one pedigree and consistently recessive or sex-linked in another. The ratios of normals to abnormals derived from such lumped pedigrees could have no significance. It was therefore of fundamental importance that each pedigree should be scrutinized by itself, to determine as far as possible the method of inheritance in that particular pedigree. The statistical treatment of inaccurate or incomplete pedigrees could not in such cases yield any more information than was contained in the pedigrees themselves.
Dr. Tom Hare said he wondered whether Professor Crew's claim that geneticists possessed something of God's power of control over the destinies of living creatures would enable his audience to hear Professor Crew's breeding policy for the human and animal population of Great Britain. In anticipation of the wiadom of omnipotence he (Dr. Hare) would inquire whether it would be in the natlon's interest to consign the initiation of its breeding policy to the geneticist.
There was a long list of undesirable predispositions and of physical, chemicaT, and mental defects which were known to be bequeathed to an individual by its ancestors. For most of these defects the medical and veterinary professions had designed a therapeutics and a prophylaxis which gave some degree of satisfaction to the recipients.
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In therapeutics various surgical manceuvres had been devised for dealing with inherited structural defects, e.g., cleft-palate, hare-lip, polydactyly, cryptorchidism etc. Also drugs, dietary and biological products had been found to possess certain merits in treating the exciting agents of such predispositions as gout, haemophilia, etc.
Prophylaxis of inherited disease comprised: (1) The removal from the environment of the exciting causes of inherited predispositions; (2) the prevention of procreation of defect-bearing stock by slaughter, sterilization, or segregation; and (3) the encouragement of procreation of stock which appeared to be healthy. Though these prophylactic measures had contributed something towards the sum of human happiness and welfare, they had influenced only those individuals which exhibited defects; they had not influenced those individuals which did not exhibit, though all the time carrying the defect. These "carriers " of inherited disease were a most serious problem of control, since their defect would be revealed only in such of their offspring as resulted from appropriate matings between ' carriers." To claim as the prerequisite of prophylaxis the transmission of a defect to a large number of offspring might be justifiable with'experimental laboratory animals, but not with man and farm animals; it was locking the door after the horse had bolted. A resort to the evaluation of pedigrees was, in the present state of case-recording and knowledge, a, very unsafe alternative prophylactic measure. Thus the conclusion appeared inevitable that the therapeutics and prophylaxis of inherited disease on the above lines were mere palliatives, which by their failure to eliminate the essential cause must be regarded as a negative policy.
The dawn of a positive policy of breeding sound stock appeared to be ensured by the study of inherited immunity against parasitic infection, plant poisoning, etc. Probably research was not sufficiently advanced to permit of more than tentative conclusions being drawn upon hybridization experiments in animals, examples of which had been discussed by Professor Crew. He would mention one other example of this research which gave rise to hesitation among veterinary pathologists. The inherited resistance of the zebu cattle to texas fever (Johnson and Bancroft, 1918; also Kelly, 1932) was transmitted to the progeny of a zebu bull out of a British breed of cow; to obtain the desirable meat-and milk-producing qualities in the hybrid, however, the zebu blood must be diluted to a point at which resistance to texas fever was insufficient or lost. Furthermore, in these experimental developments of disease-resistant animals by hybridization care must be taken that susceptibilities to other equally serious defects were not developed in the hybrid.
A widespread appreciation of this positive policy of developing inherited resistant breeds, in spite of its many difficulties, might encourage geneticists to collaborate more intimately in the labours of those whose concern was the health of man and animals. Contemporary literature gave rise in his mind to the impression that the great majority of geneticists took pride in the splendid isolation of their academia study of the process of heredity and shunned the end towards which the work of the medical and veterinary professions was directed, viz., the prevention of disease. Doubtless, geneticists would reply that the end to which their work was directed was the "improvement of man and animals," in which case the medical and veterinary professions should legitimately and persistently claim that such an " improvement " as the geneticist designs for man and animals must be consistent with the maintenance of their health. Until that criterion of the " improvement" had been accepted, he (Dr. Hare) would not repose confidence in the reformation of man and animals by our omnipotent geneticists.
